Objective Identifying a reliable method of rectal volume delineation (RVD) for prostate cancer treatment planning using intensity-modulated radiation therapy (IMRT) is invaluable for clinical and investigational purposes. We analyzed rectal dose constraint outcomes utilizing commonly used RVD methods. Methods Sixty-two prostate cancer patients treated with IMRT from August 2008 to March 2010 were reviewed. RVD either included the entire rectal volume (ERV) or limited the volume to a 3 mm rectal wall (3 MM). V50 ,the percentage of rectal volume receiving 50 Gy, V65, V70, and V75.6 were determined and analyzed for differences. We analyzed factors including definitive and postoperative treatment, rectal volume, and length. Results For definitive treatment, using ERV, the mean rectal V50, V65, V70, and V75.6 was 41.3, 21.6, 15.1, and 7.0 %, respectively. Using 3 MM, the mean V50, V65, V70, and V75.6 was 37.3, 23.4, 18.5, and 10.3 %, respectively. The V65, V70, and V75.6 were significantly lower in ERV than 3 MM (p<0.01), while V50 was significantly higher (p<0.01). Similar findings were noted with rectal volumes <100 cm 3 and length <10 cm. There was no difference in V50 and V65 with rectal length ≥10 cm. For postoperative treatment, using ERV, the mean rectal V50, V65, and V70 was 30.2, 12.9, and 2.7 %, respectively. Using 3 MM, the mean V50, V65, and V70 was 30.6, 16.5, and 4.7 %, respectively. The V65 and V70 were lower in ERV than 3 MM (p<0.01), but not V50. Similar findings were observed with volumes <100 cm 3 and length ≥10 cm. Conclusion We identified different rectal dose-volume endpoints when using common methods of RVD. The differences in dose-volume outcomes are dependent upon prescribed dose, rectal volume, and length. Further analysis, incorporating larger numbers and long-term toxicity outcomes, will contribute to the standardization of contouring and dose-volume analysis for treatment planning.
Introduction
Intensity-modulated radiotherapy (IMRT) is a commonly used treatment modality for prostate cancer. Compared to three-dimensional conformal radiotherapy (3D-CRT), IMRT allows further dose escalation to a target volume, while minimizing normal tissue dose, particularly with concave tumor volumes. The advantage of dose escalation in the treatment of definitive prostate cancer has been demonstrated in numerous studies [19, 20, 27] . Late rectal toxicity, in particular late rectal bleeding, remains an important consideration in IMRT planning [8, 14, 21, 22] .
Information has been gleaned from the available studies that provide guidance on the appropriate dose constraints for prostate IMRT to minimize rectal toxicity. Studies have shown that keeping the percentage of rectum receiving more than 70 Gy and more than 75 Gy (V70 and V75 Gy) below 25 and 5 %, respectively, is predictive of a lower incidence of late bleeding [6, 11, 24] . In addition, limiting the mid-level doses, in the range of the V40-V50, has also been reported to minimize the incidence of bleeding. This benefit was seen, even when patients were treated at relatively low total doses [2, 12, 25] .
The dose volume histogram (DVH), although with limitations, provides us with a reliable way to estimate the risk of normal tissue complications as a function of the dose distribution to tissue volume. However, for "hollow" organs, such as rectum, the dose-wall histogram (DWH) and dosesurface histogram (DSH) have been proposed as alternatives to the entire rectal volume (ERV) of DVH due to the irrelevance of the inner contents to complication risk [5, 15, 25] . In addition, it has been shown that for a given treatment plan, the DVH of the ERV is different than that of the rectal wall (RW) only [5, 15, 17] . Some studies have reported that the DVH of the RW only appeared more clinically relevant than that of the ERV and was a better fit with the normal tissue complication probability (NTCP) models as well as a predictor of late rectal bleeding with 3D-CRT [13, 23] . However, very limited studies are available for patients treated with IMRT comparing ERV and 3 MM methods in rectal contouring [9] . Although significantly improved, rectal complications remain a significant risk of prostate cancer radiation therapy even in the IMRT era. This side effect can affect the patient's quality of life dramatically. Thus, identifying a reliable method of rectal volume delineation for prostate cancer radiation treatment planning is invaluable for clinical and investigational purposes, especially as IMRT is becoming a routine radiation approach for prostate cancer. Therefore, we conducted the study using dose-volume histograms of patients we treated at our institution and compared the two commonly used methods of rectal volume delineation: ERV and 3 MM. We have expanded the study by including a number of patients who received postoperative radiotherapy (RT).
Methods

Patient selection
Institutional review board approval was obtained for the study. We identified patients who were treated with IMRT for prostate cancer from August 2008 to March 2010. We excluded patients in whom a rectal balloon was utilized during planning or treatment. The medical records and findings of imaging studies of the remaining 62 patients were reviewed; and in all patients, staging, pretreatment PSA, and Gleason score were analyzed.
Treatment planning
A spiral planning computed tomography (CT) scan was acquired in the supine position, with a slice thickness of 2.5 mm. Patients were immobilized using Vac-Lok system (Civco Medical Solutions, Kalona, Iowa). Patients were required to have an empty bowel and a full bladder. Bowel preparation included taking one bottle of magnesium citrate the night before the simulation. Additionally, a clear liquid diet was recommended to the patients the day before simulation. One Fleet enema was administered by the patient on the morning of the simulation.
Varian Eclipse platform 8.1 (Varian, Palo Alto, California) was utilized for treatment planning. None of the cases required gross tumor volume contours. For definitive cases, the clinical target volume (CTV) included the prostate gland and the seminal vesicles. The volume of seminal vesicle included was dependent upon the level of risk of the prostate disease, with the entire volume of seminal vesicle included for patients with high risk disease. The planning target volume (PTV) was generated with a 1 cm expansion around the CTV, but limited to 0.5 cm expansion posteriorly. For postoperative cases, the CTV included the prostate bed, generally as delineated in the consensus guidelines [16] . The PTV was generated with a 1 cm expansion around the CTV and a 0.6 cm expansion posteriorly.
The rectum was contoured in two different ways: (1) entire rectal volume including the rectal wall and the rectal lumen and (2) rectal wall based on manual delineation of the outer contour of the rectal wall and the inner contour using a 3 mm margin. In this instance, the rectal contents were excluded from the rectal contour. For consistency, the rectum was contoured approximately 1 cm above and below the PTV in the superior-inferior axis.
Treatment was planned for the Varian Trilogy TX linear accelerator with 6 MV photon energy and a high definition multileaf collimator with minimum 0.25 leaf width. Patients received 70.2 Gy for postoperative (n=18) and ≥75.6 Gy (range from 75.6 to 81 Gy) for definitive (n=44) IMRT. Rectal volume was delineated as including the ERV or limiting the volume to a 3 mm rectal wall (3 MM). For each method of RVD, we determined the percentage of rectal volume receiving 50 Gy (V50), V65, V70, and V75.6. We use two-sided paired t tests to determine if the differences between the two RVD methods in V50, V65, V70, and V75.6 are of statistical significance. The data is stratified, by whether the IMRT was delivered in the definitive or postoperative setting and by volume size and length of the delineated rectum.
Acute toxicity was classified according to the radiation therapy oncology group morbidity grading scale. Late toxicity was not reported, as follow up was short.
Statistical analyses
All statistical analyses were performed using SPSS software version 20. Two-sided paired t tests were used to determine if the differences between groups are of statistical significance. Only the differences with P values ≤0.05 are considered as statistically significant.
Results
Forty-four patients were treated definitively, and 18 patients were treated in the postoperative setting. For patients receiving definitive RT, stages T1c to T2b were included, with age ranging from 59 to 82 years old. Four patients received a total dose of 75.6 Gy, one patient received 79.7 Gy, and the rest received 81 Gy. All postoperative RT patients received a total dose of 70.2 Gy in 180 cGy per fraction.
For patients receiving definitive RT, utilizing the ERV method for RVD, outcomes of the mean rectal dose volume for endpoints V50, V65, V70, and V75.6 are 41.3, 21.6, 15.1, and 7.0 %, respectively. Using the 3 MM method, the mean V50, V65, V70, and V75.6 are 37.3, 23.4, 18.5, and 10.3 %, respectively. The V65, V70, and V75.6 mean outcomes are significantly higher with the 3 MM method (p <0.01), while V50 is significantly lower (p<0.01) ( Table 1) . When stratified by rectal volume and length, similar findings were noted with volumes <100 cm 3 and lengths <10 cm. However, there was no statistically significant difference in V50 and V65 with rectal length ≥10 cm, but significantly higher V70 and V75.6 were seen with the 3 MM method ( Table 2) .
For treatment in the postoperative setting, using the ERV method for RVD, outcomes of the mean rectal dose volume for endpoints V50, V65, and V70 are 30.2, 12.9, and 2.7 %, respectively. Using the 3 MM approach, the mean V50, V65, and V70 are 30.6, 16.5, and 4.7 %, respectively. Since the prescribed dose is only 70.2 Gy, V75.6 is 0 % for all patients. The V65 and V70 mean outcomes are significantly higher with the 3 MM method (p<0.01), but V50 does not differ significantly (Table 3) . When stratified by rectal volume and length, similar findings were observed with volumes <100 cm 3 and length <10 cm, with the exception of V70, which did not show a significant difference (Table 4) .
Ten patients treated definitively developed acute grade 1 rectal toxicity (22 %), with remaining patients having no acute rectal toxicity. Seven patients treated postoperatively developed acute grade 1 toxicity (39 %), while all other patients reported no acute rectal toxicity. There were no grade 3 or 4 acute toxicities reported (Table 5) . No patients developed late grade 2 or more rectal toxicity in our cohort (Table 6) . No correlation could be found between those patients who developed any acute rectal toxicity compared to those who were asymptomatic. 
Discussion
While IMRT improves normal tissue sparing in treating prostate cancer, lowering doses to the rectum can be a challenge in radiation treatment planning because late rectal bleeding remains one of the major toxicities to consider [1, 26] . Previous studies have shown that in IMRT treatment, as well as 3D-CRT, the method of delineating the rectum significantly influences the dose representation in the DVH. Guckenberger et al. evaluated the dose to the rectum based on dose-volume histogram of ERV, 3 MM, manually delineated rectal wall (MDWH), and the rectal surface (DSH) in treatment planning of the prostate [9, 10] . The delineation of ERV instead of MDWH as organ at risk resulted in significantly superior sparing of the rectum [9] . In IMRT, the differences between dose parameters were larger comparing with 3D-CRT, with significant difference between ERV and all other dose parameters [10] . In addition, MDWH is not advocated by Guckenberger et al. because the CT density values of the rectal wall often are very similar to the density of the filling, thus a precise delineation of the inner contour of the rectal wall was difficult for some patients, resulting in symmetric rectal wall thicknesses between anterior (high-dose region) and posterior (mid-to low-dose region) rectal wall [9] . We have further studied this subject by comparing specifically the ERV and 3 MM methods in rectal contouring for patients who received IMRT at our institution. We found a consistent significantly superior dose distribution pattern with the ERV method versus the 3 MM method of rectal contouring for both definitive and postoperative IMRT treatment planning in the high-dose region (V65Gy, V70Gy, and V75.6Gy). However, the perceived superior or trends toward superior dose distribution pattern is instead observed in 3 MM method in the intermediate dose region (V50 Gy) in definitive IMRT planning. Interestingly, the same "crossover" patterns of dose distribution are also observed with Guckenberger et al. in their 3D-CRT planning but not in their IMRT planning.
In the postoperative RT cohort, no significant difference was observed at intermediate dose (V50 Gy), but ERV shows superior rectal sparing for V65 and V70 Gy. It is noted that in our study, 70.2 Gy was prescribed to postoperative patients, while 81 Gy to definitive cases. Much lower doses (66 to 73 Gy) were prescribed in the studies from Guckenberger et al. for definitive treatment, and no postoperative IMRT data are available [9, 10] . Our results confirmed the presence of significant difference of DVH results at high-dose range (V65 to V75.6) for different rectal contouring methods, even for patients receiving relatively low dose of radiation, i.e., in postoperative setting.
For patients with a larger rectum (criteria: rectal volume in ERV ≥100 cm 3 or rectal length ≥10 cm) receiving definitive IMRT, consistently significant differences are observed only in V70 and V75.6 Gy but not at lower dose ranges (V50 and V60 Gy) for either criterion. Our results are different from Guckenberger et al., which show no difference in DVH results at all dose ranges. The difference may be at least partly caused by having only very small sample size (ten patients) in their study [10] . For postoperative IMRT patients with distended rectum, results are different, with significant difference observed in V65 and V70 Gy but not at V50 Gy in ERV vs. 3 MM. Although a trend has been observed that larger rectal volumes correlate with relatively larger volume differences at the high-dose region (V65 to V75) between ERV and 3 MM methods, only relative low correlation coefficiences between rectal volume and relative volume differences between ERV and 3 MM are seen in our study for V65, V70, and V75.6 Gy (r=0.53, 0.42, and 0.51, respectively). This again indicates that the IMRT benefit for sparing the volume of rectum receiving high dose of radiation is independent of the rectal size/length.
It is interesting to note that V50 Gy is significantly different between ERV and 3 MM methods in RVD in our studies for definitive IMRT treatment planning. The rectal V40-50 has been shown to be an important consideration not only for the prevention of late rectal bleeding, as shown by numerous studies [2, 12, 25] , but also for other relatively rare late rectal syndromes such as late rectal incontinence and diarrhea [4, 7, 18] .
In our study, the DVH for ERV appears superior to 3 MM for rectal sparing at high doses. However, it could be associated with higher risk of developing late rectal bleeding, if only rectal wall contouring is more representative of physiologic and anatomical reality. This was suggested by previous studies, which showed 3 MM DWH data being more consistent than ERV when fitting the NTCP models [23] .
We have also found that in our definitive IMRT cohort (Fig. 1) , rectal volume based on ERV highly correlates with cross-sectional area (CSA) (rectal volume/rectal length) (r= 0.93) but does not correlate with rectal length (r=−0.16). Patients with larger rectal volume have less difference in DVHs between ERV and 3 MM methods (Table 2 ) compared to those with smaller rectal volumes or rectal CSA. Our findings are supported by Guckenberger et al. who demonstrated substantial correlation between DVHs from ERV and 3 MM methods in patients with large rectal volume [9] . It has been reported by de Crevoisier et al. that patients with rectal distension (defined by CSA >11.2 cm 2 ) on the treatment planning CT scan have lower incidence of grade 2 or greater late rectal bleeding [3] . The reason could well be that by using ERV methods, the dose constraints are met similarly to using 3 MM methods in the patients with rectal distension. For patients with small rectal CSA, ERV constraints are much less strict compared to 3 MM methods, indicating the caution of using ERV for patients with small volume rectum, which may have falsely ideal DVH.
Conclusion
In summary, we identified clear differences in rectal dosevolume histograms when using two common methods of RVD: ERV vs. 3 MM. The differences in dose-volume endpoint outcomes are dependent upon prescribed dose and rectal volume and/or length. Further analysis, incorporating larger numbers of patients and long-term toxicity outcomes, will contribute to the standardization of contouring and dose volume analysis for radiation treatment planning. 
